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Abstract
Transported light in the medium usually shows as an exponential decay ten-
dency. In the DAMPE strip scintillators, however, the phenomenon of light
attenuation as the hit position approaches the end of the scintillator can not
be described by the simple exponential decay model. The spread angle of
PMT relative to hit position is distance-dependent, so the larger the angle,
the larger the proportion η of emitted light to becomes the effective input
light. We consider the contribution of the spread angle, and propose a gen-
eralized model: f(x) = I0ηa(x)e
−x/λ + I0ηb(x)e
−(2L−x)/λ. The model well
describes the light attenuation in the scintillator, reducing the maximum de-
viation of the sample from the fit function from 29% to below 2%. Moreover,
our model contains most of the traditional models, so the experimental data
that traditional models can fit and our models fit well.
Keywords: Spread angle; Scintillator; PMT; Exponential decay; Hit
position
1. Introduction
Scintillation detector, as an important detector, is widely used in time-of-
flight detector, position detector and electromagnetic calorimeter, including
CMS at CERN[1], BESIII at HIEP[2], PSD and BGO at DAMPE[3, 4, 5, 6]
et al. When particles enter the scintillator, the incident particle deposits
part energy or all the energy, which causes ionization and excitation in a
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scintillator and emits fluorescence of a certain wave length. Then the emit-
ted fluorescence propagates to the end of the scintillator and is collected
by photomultiplier tube(PMT). Due to the particular importance of light
transmission, various models have been tried to account for the decay of
scintillators in the past few decades. It is worth mentioning that the double
exponent(DE) model[8] and the reflected back(RB) model[9] are now gen-
erally accepted. Unfortunately, none of them well explain the anomalous
enhancement of the light signals along the scintillator ends in DAMPE.
If the light transport can be clearly analyzed in a scintillator, we can
accurately determine two important parameters – hit position and deposited
energy. In this paper, because the spread angle of PMT relative to hit posi-
tion is distance-dependent, we propose a generalized model of light transport
in the scintillator. The model well describes the light attenuation in the scin-
tillator, and is used to fit samples from PSD at DAPME [4, 5, 6], and gives
the explanation of the phenomenon of samples different from the fitting func-
tion along the scintillator ends, which has not been explained well for many
years.
The organization of this paper is as follows. A brief introduction about
the exponential decay(ED) model, the double exponent(DE) model and the
reflected back(RB) model in Sec.2. Sec.3 considers the contribution of the
spread angle and gives our model about light transport in a scintillator.
Sec.4 gives the result of our model. Sec.5 explains why is our new model so
powerful. Finally, conclusion are given in Sec.6.
2. Traditional Models for Light Transport in Scintillators
The striped and the parallelepiped scintillators are the most widely used
scintillators, including the calorimeter detector, time-of-flight detector and
particle position detector. When particles hit the scintillator, the particle
energy deposits in the scintillator. Then the atomic in the scintillator transi-
tion to the excited state, and back after excitation fluorescence, the emitted
light is collected by the PMT at the end of the scintillator. Thus, the in-
formation of particles can be extracted by analyzing electronic information.
It is generally known that transmitted light of an initial intensity I0 in a
medium can be described by an exponential decay(ED) function with a λ
attenuation length:
I(x) = I0e
−x/λ.
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In the traditional model, the striped scintillator is assumed to be a line
of length L. When the particle hits on the scintillator away from the PMT
to the x position, the collected light can be express as
f(x) = I0e
−x/λ. (1)
And the deviation between fitting function and the sample can be described
as
δ(x) =
fsamples(x)− ffitting(x)
ffitting(x)
. (2)
This ED model was used to fit samples of PSD on DAMPE [4, 5, 6], and
showed a sharp increase in deviation as the hit position approaches the ex-
tremity of the scintillator. Therefore we searched for further physical models
to fit the samples. In the past several decades, there are two further physical
models: the Double Exponential(DE) model[8] and the Reflected Back(RB)
model[9].
Kaiser et al proposed the DE model of light transmission with a short λ0
and a long λ1 attenuation length components described by the expression[8]
f(x) = I0e
−x/λ0 + I1e
−x/λ1 , (3)
with λ0 being of the order of a few centimetres and λ1 ranging from 1 to
several metres. Taiuti et al proposed the RB model that a fraction η of the
emitted light could be reflected back to the photomultiplier adding to the
direct light a second component described by the expression[9]
f(x) = I0(e
−x/λ + ηe−(2L−x)/λ). (4)
Both the DE model and the RB model had upgraded the ED model, and their
deviations had been much reduced relative to the ED model. However, Fig.1
shows that there is a deviation of about 10% for both models. In order to fit
the samples, we consider the contribution of the spread angle and propose a
generalized model in next section.
3. A Generalized Model for Light Transport in Scintillators
The optical signal intensity collected by PMT is related to the effective
input light and the propagation loss. In this section, we point out that the
effective light is x-dependent. Where x is the distance between hit position
and the PMT.
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When particles hit a scintillator, the spread angle of PMT relative to hit
position is x-dependent. Since the emitted light is 4pi uniformly distributed,
the larger the spread angle, the larger the proportion η of the emitted light
becomes effective input light. Therefore, the contribution of the spread angle
should be considered when describing the propagation of light in scintillators.
In traditional ED model, since the spread angle decreases as x increases,
we can simply multiply a fraction ηa(x) = e
c1
c2+x in place of the contribution
of the spread angle. Where c1 is less than c2.
If the emitted light may reflect back to the PMT as the RB model, the
contribution of the spread angle should also be considered. Here the spread
angle decreases as L− x increases, so we can also simply multiply a fraction
ηb(x) =
c3
1−x/c4
to replace the contribution of the spread angle. Where c3
belongs to [0, 1] , c4 is greater than L and L is the length of the scintillator.
So we can describe light propagation in scintillators as
f(x) = I0ηa(x)e
−x/λ + I0ηb(x)e
−(2L−x)/λ, (5)
where ηa(x) and ηb(x) represent the contribution from the spread angle.
4. Results
4.1. Fitting The Same Samples
Fitting the same samples with our model, the deviation is reduced to less
than 2%. Fig.2 and Table.1 show that this is far better than 29% of the ED
model, 11% of the DE model and 7% of the RB model.
Table.1: Compare The Deviation With Other Models
ED model DE model RB model our model
δmax 29% 11% 7% <2%
χ2/ndf 3644/80 344.9/78 278.1/79 93.4/76
4.2. More Experimental Data Fitting
To show how powerful our model is, we describe more experimental data
from different sources, including pilot B light output vs length using dif-
ferent PMT.[8], The effect of wrapping material on the light transmission
for different materials [9], Light Transport in Long Plastic Scintillators[10],
and plastic scintillator muon counters used in cosmic showers detection[11].
Fig.3-5 show that our model fits well with all the above experimental data.
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5. Discussion
Why is our new model so generalized? Because the spread angle is an
important physical factor that describes the light propagation in the scintilla-
tor, and this factor is considered in our new model. Moreover, our new model
includes the three traditional models from Sec.2(see Appendix for details).
Case1:when c1 = 0 and c3 = 0, our model can be degenerated to the ED
model.
Case2:when c1 = 0 and c4 >> L, our model can be degenerated to the
RB model.
Case3:when c3 = 0, λ is about metres and larger than L, our model can
be approximately regarded to the DE model.
There is worth to mention that a semi empirical way the reflections of light
at the ends of the scintillator was developed by R.Chipaux and M.Ge´le´oc[12].
Our model can also be approximately regarded to this semi empirical way
when c3 = 0. Therefore, our model can fit all experimental data that tradi-
tional models above can fit.
6. Conclusions
Our model for light transport in scintillators considers the contribution
of the spread angle. It can present the data from DAMPE to a great extent,
and reduces the deviation between fitting function and the sample from 29%
to less than 2%. In addition, it contains the above traditional models. So it
is stronger than the above traditional models, and it can fit all data that the
above traditional model can fit.
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Appendix: For case1, c1 = 0, c3 = 0, then f(x) = I0e
c1
c2+xe−x/λ +
I0
c3
1−x/c4
e−(2L−x)/λ = I0e
0
c2+xe−x/λ + I0
0
1−x/c4
e−(2L−x)/λ = I0e
−x/λ, our model
can be degenerated to the ED model.
5
For case2, c1 = 0, c4 >> L, then f(x) = I0e
c1
c2+x e−x/λ + I0
c3
1−x/c4
e−(2L−x)/λ
= I0e
0
c2+xe−x/λ + I0
c3
1−0
e−(2L−x)/λ = I0(e
−x/λ + c3e
−(2L−x)/λ), our model can
be degenerated to the RB model.
For case3, c3 = 0, use I to replace I0, f(x) = Ie
c1
c2+xe−x/λ+I c3
1−x/c4
e−(2L−x)/λ
= Ie
c1
c2+xe−x/λ + I 0
1−x/c4
e−(2L−x)/λ = Ie
c1
c2+x e−x/λ = I(1 + c1
c2+x
+ 1
2!
( c1
c2+x
)2 +
O)e−x/λ, with λ being about metres and larger than L. For the DE model,
with λ0 being of the order of a few centimetres and λ1 ranging from 1 to sev-
eral metres, fDE(x) = I0e
−x/λ0+I1e
−x/λ1 = I( I0
I
e−x/λ0+x/λ+ I1
I
e−x/λ1+x/λ)e−x/λ
= I( I0
I
e
λ0−λ
λλ0
x
+ I1
I
e
λ1−λ
λλ1
x
)e−x/λ = I( I0
I
e
− 1
λ0
x
+ I1
I
e
1
λ
x)e−x/λ.
fDE(x) = I{
I0
I
[1 + −x
λ0
+ 1
2!
(−x
λ0
)2 +O] + I1
I
[1 + x
λ
+O]}e−x/λ for x < λ0;
fDE(x) = I{
I0
I
e
− 1
λ0
x
+ I1
I
[1 + x
λ
+ 1
2!
(x
λ
)2 +O]}e−x/λ, for x > λ0.
Adjusting the parameters c1 and c2 such that 1 +
c1
c2+x
+ 1
2!
( c1
c2+x
)2 ≈
I0
I
[1 + −x
λ0
+ 1
2!
(−x
λ0
)2] + I1
I
[1 + x
λ
] for x < λ0, and 1 +
c1
c2+x
+ 1
2!
( c1
c2+x
)2 ≈
I0
I
e
− 1
λ0
x
+ I1
I
[1 + x
λ
+ 1
2!
(x
λ
)2] for x > λ0, our model can be approximately
regarded to the DE model.
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Figure 1: a) The curve fitted with the samples from PSD at DAMPE [4, 5, 6] by the
Exponential Decay model. b) The deviation between the Exponential Decay model fitting
function and the samples. c) The curve fitted with the same samples by the Double Ex-
ponent model. d) The deviation between the Double Exponent model fitting function and
the samples. e) The curve fitted with the smae samples by the Reflected Back model. f)
The deviation between the Reflected Back model fitting function and the samples.
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Figure 2: a) The curve fitted with the samples from PSD@DAMPE by our new model. b)
The deviation between our new model fitting function and the samples.
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Figure 3: left) Pilot B scintillator light output vs length using different PMT[8]; right) the
effect of wrapping material on the light transmission for different materials[9]. Our model
fit show as line with color.
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Figure 4: left) Measurements with the 137Cs source were performed for A and B plastic
scintillator samples in the black box variant; right) comparison of coating performance for
the left plastic scintillator[10]. Our model fit show as line with color.
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Figure 5: Superposition of the number of SPEs measured with the muon telescope to-
gether with scanner measurements on the same scintillator-fiber-PMT set up. The x axis
is distance along the fiber from the PMT, the y axes are signal amplitudes measured in
SPE for the coincidence measurements and volts for the scanner measurements[11]. Our
model fit showes as the red line.
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